Chlorophyllase (Chlase) catalyzes the initial step of chlorophyll (Chl)-degradation, but the physiological significance of this reaction is still ambiguous. Common understanding of its role is that Chlase is involved in de-greening processes such as fruit ripening, leaf senescence, and flowering. But there is a possibility that Chlase is also involved in turnover and homeostasis of Chls. Among the de-greening processes, autumnal coloration is one of the most striking natural phenomena, but the involvement of Chlase during autumnal coloration is not clear. Previously, it was shown that Chlase activity and expression level of the Chlase gene were not increased during autumnal coloration in Ginkgo biloba, indicating that Chlase does not work specially in the de-greening processes in G. biloba. In this study, we characterized the recombinant Chlase and analyzed its subcellular localization to understand the role of the cloned Chlase of G. biloba (GbCLH). GbCLH exhibited its highest activity at pH 7.5, 40 ∞C. Kinetic analysis revealed that GbCLH hydrolyzes pheophytin (Pheo) a and Chl a more rapidly than Pheo b and Chl b. Transient expression analysis of 40 N-terminus amino acids of GbCLH fused with GFP (green fluorescent protein) and subcellular fractionation showed that GbCLH localizes within chloroplasts. Together with our previous results, property of GbCLH and its location within the chloroplasts suggest that GbCLH plays a role in the turnover and homeostasis of Chls in green leaves of G. biloba.
Introduction
Chlorophyll (Chl)-degradation is obviously occurring in leaves of deciduous trees when they show their dramatic autumnal coloration. Some biochemical studies have been conducted on Chldegradation during this phenomenon (Matile, 2000) , however, molecular biological studies on Chl-degradation in the leaves of deciduous trees are much less numerous than those about senescing leaves of annual grasses and ripening fruits (Hörtensteiner, 1999; Matile et al., 1999; Takamiya et al., 2000) .
Chlorophyllase (chlorophyll-chlorophyllide hydrolase, Chlase; EC 3.1.1.14) catalyzes the hydrolysis of Chls into chlorophyllides (Chlides) and phytol, which is thought to be the first step of Chldegradation (Holden, 1961) , as the increase of Chlase activity is correlated with the loss of Chls in many plants (Gong and Mattheis, 2003; JohnsonFlanagan and McLachlan, 1990; Ketsa et al., 1998;  0939Ð5075/2006/0100Ð0111 $ 06.00 " 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D Looney and Patterson, 1967; Rodríguez et al., 1987; Shimokawa, 1981; Trebitsh et al., 1993) . However, there are contrary reports that indicate only a tenuous role for Chlase in the loss of Chls. Majumdar et al. (1991) have reported that the activity of Chlase decrease as the amounts of Chls decline, and Todorov et al. (2003) have reported that Chlase activity shows no correlation with the amount of Chls. Chlase activity is found in both normal green leaves and developing fruits, indicating that Chlase may play a role in Chl-turnover and homeostasis (Todorov et al., 2003; Mínguez-Mosquera and Gallardo-Guerrero, 1996) . It was shown that when Chlase was overexpressed or knocked-down, the ratio of Chlides to Chls and Chl a to Chl b were altered without a substantial change in the total amount of Chls (Benedetti and Arruda, 2002) . These contradictory results leave Chlase a vague role in Chl-catabolism.
Numerous experiments have been conducted to purify and characterize Chlases from various ma-terials (Bacon and Holden, 1970; Böger, 1965; Fernandez-Lopez et al., 1992; Garcia and Galindo, 1991; Ichinose and Sasa, 1973; Khalyfa et al., 1995; Klein and Vishniac, 1961; Shimokawa, 1982; Shioi and Sasa, 1986; Tanaka et al., 1982; Tsuchiya et al., 1997) . From the results of these early attempts and lately revealed information about amino acid sequences, there are some candidates for Chlase location, i.e. chloroplast, endoplasmic reticulum (ER) and vacuole. However, no direct indication of its localization in the intact plant cells has been done. Indirectly, Chlase has been shown to localize within the chloroplast envelope membrane by means of a membrane fractionation technique (Matile et al., 1997) . On the other hand, Chlase appears to be a glycoprotein, suggesting that Chlase is transported via the ER system (Terpstra, 1981; Terpstra et al., 1986) . Chlase was the first enzyme, whose gene was successfully cloned, among the enzymes involved in Chl-degradation (Jacob-Wilk et al., 1999; Tsuchiya et al., 1999) . Sequence analysis revealed that CaCLH from Chenopodium album has a putative signal sequence for ER at the N-terminus (Tsuchiya et al., 1999) . From studies on the Chl-transport, Takamiya et al. (2000) have proposed that vacuoles contain Chlase and are responsible for Chl-degradation.
In the previous study, we cloned a Chlase gene (GbCLH; accession no. AY29252) from leaves of Ginkgo biloba to elucidate its participation during autumnal yellowing. Because G. biloba is an early diverging gymnosperm, it should be also helpful in understanding the evolutionary origin of angiosperm Chlase function. The expression of GbCLH was greatest in green leaves and significantly declined during the process of leaf yellowing, suggesting that GbCLH is involved in Chl-turnover and homeostasis in the green leaves of G. biloba rather than the de-greening process (Tang et al., 2004) . In the present study, characterization and subcellular localization, respectively, were analyzed using recombinant GbCLH and sGFP fused with 40 amino acids at the N-terminus of GbCLH. The results showed its highest activity at pH 7.5, 40 ∞C and higher maximum catalytic rate with Chl a and pheophytin (Pheo) a as a substrate than with Chl b and Pheo b. Subcellular localization analysis revealed that GbCLH localizes within the chloroplast. Accordingly, GbCLH should play an important role in Chl-turnover and homeostasis in G. biloba. To our knowledge, this is the first study that directly visualizes the location of Chlase in the intact cells.
Materials and Methods

Enzyme expression in Escherichia coli
GbCLH (accession no. AY292526) was expressed in E. coli using a pET expression system (Novagen, Inc., Madison, WI, USA) as described previously (Tang et al., 2004) . The recombinant protein was extracted using BugBuster TM HT Protein Extraction Reagent (Novagen, Inc.) and the crude extracts were used for further characterization of GbCLH.
Enzyme assay
The enzymatic assay was conducted as described previously (Tang et al., 2000) . The enzyme solution (0.2 ml) was mixed with a reaction buffer containing 50 µm Chl a and 50 mm lauryldimethylamine N-oxide (0.8 ml) and incubated at 30 ∞C for 30 min as a standard condition and at 20Ð70 ∞C to determine the optimum temperature at pH 7.0. To determine the effect of pH value on the activity, buffer systems were used as follows: 25 mm citrateNaOH (pH 3.5 to 5.5), 25 mm 2-(N-morpholino)ethanesulfonic acid (MES)-NaOH (pH 5.5 to 7.0), 25 mm 3-(N-morpholino)propanesulfonic acid (MOPS)-NaOH (pH 7.0 to 7.5), 25 mm N-(2-hydroxyethyl)piperazine-NЈ-3-propanesulfonic acid (EPPS)-NaOH (pH 7.5 to 8.5), 25 mm [(2-hydroxy-1,1-bis[hydroxymethyl]ethyl)amino]-1-propanesulfonic acid (TAPS)-NaOH (pH 8.5 to 9.0), 25 mm 2-(N-cyclohexylamino)ethanesulfonic acid (CHES)-NaOH (pH 9.0 to 10.0), and 25 mm 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS)-NaOH (pH 10.0 to 12.5). The reaction was stopped by the addition of 3 ml of acetone/n-hexane [1:2 (v/v)] and 0.1 ml of 2 m 2-amino-2-hydroxymethyl-1,3-propanediol (Tris)-HCl, pH 9.0. After shaking the mixture vigorously, the concentration of Chlide a in the aqueous layer was spectrophotometrically determined using an absorption coefficient of 76.79 mm Ð1 cm Ð1 at 667 nm (Porra et al., 1989) .
Measurement of substrate specificity of GbCLH
25 mm Chl a, 25 mm Chl b, 25 mm Pheo a, 25 mm Pheo b, and 25 mm bacteriochlorophyll a (BChl a) were used to examine the substrate specificity of GbCLH. The enzymatic reaction was stopped by chilling the solution in liquid nitrogen. Amounts of substrate decrease were determined by HPLC [LC-10AT pump , CTO-10A column oven, and SPD-M10AVP photodiode array detector (SHI-MADZU Co., Kyoto, Japan)]. Detection of each substrate was performed by absorption at an appropriate wavelength (Chl a: 660 nm; Chl b: 645 nm; Pheo a: 667 nm; Pheo b: 655 nm; BChl a: 775 nm). The samples were loaded on a 5 µm YMC-PACK ODS-A column (4.6 i.d. ¥ 250 mm, YMC Co. Ltd., Kyoto, Japan) and eluted by a twosolvent system (A: 50% methanol; B: 100% acetone) with a linear gradient of 50Ð90% solvent B at a flow rate of 1.0 ml/min over 40 min while maintaining the column temperature at 40 ∞C.
sGFP constructs
For transient expression of the 40 N-terminus amino acids of GbCLH (GbCLH 1Ð40 ) C-terminally fused to the N-terminal of sGFP, we used the CaMV35S-sGFP(S65T)-NOS3Ј/pUC18 vector, which was kindly provided by Dr. Yasuo Niwa of the University of Shizuoka. The cDNA encoding GbCLH 1Ð40 was amplified using a forward primer (5Ј-CGC CAT GGT TTT AGT GAA GGA TGT G-3Ј) and a reverse primer (5Ј-CGC CAT GGG AAG GCG TGG TTG CAG TTC C-3Ј) including Nco I sites. The PCR products were digested by Nco I restriction enzymes. The digested fragment was ligated into the Nco I site of the CaMV35S-sGFP(S65T)-NOS3Ј/pUC18 vector giving CaMV-35S-GbCLH 1Ð40 -sGFP(S65T)-NOS3Ј/pUC18. The CaMV35S-sGFP(S65T)-NOS3Ј/pUC18 vector was used as negative control.
Transient transformation of Arabidopsis thaliana protoplasts
A. thaliana ecotype Columbia (Col-0) was provided by Phytoculture Control Co., Ltd. (Osaka, Japan). Transient transformation of A. thaliana protoplasts by a polyethylene glycol method was conducted as described by Sheen (2001). 0.2 ml of protoplast suspension (2 ¥ 10 5 per ml) was transfected with 20 µg of plasmid DNAs. The transfected protoplasts were incubated at 22 ∞C for 12 h in the dark. sGFP and chlorophyll-fluorescence was observed by a microscope (BX-50, Olympus Optical Co. Ltd., Tokyo, Japan) with a fluorescence illuminator (BX-FLA, Olympus Optical Co.).
Subcellular fractionation
Green leaves of G. biloba (5 g fresh weight) harvested on the campus of Osaka University were chopped by a razor with 3 ml of 150 mm N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine (Tricine)-KOH (pH 7.5) containing 1 mm EDTA and 0.5 M sucrose. The sample was centrifuged at about 70 ¥ g for a few seconds. The supernatant was filtered through three layers of gauze and the filtrate was layered on a 16 ml gradient (30% to 60% sucrose, 1 mm EDTA, pH 8.0). The gradient was centrifuged at 85,000 ¥ g for 2.5 h at 4 ∞C. After centrifugation, fractions (1 ml) were collected and the Chlase activity of each fraction was measured.
The activities of subcellular marker enzymes were assayed as described previously: catalase activity as a marker enzyme for microbodies (Aebi, 1983) and cytochrome c oxidase for mitochondria (Briskin et al., 1987) . Chl-contents were determined by measuring the absorption at 645 and 663 nm [Chl (a + b) = (A 645 ¥ 20.2 + A 663 ¥ 8.02) µg/ml] (Arnon, 1949 ) and used as a marker for chloroplast thylakoid membranes.
Results and Discussion
Optimum temperature and pH for GbCLH activity
We used the recombinant protein expressed in E. coli for characterization of GbCLH. Although the recombinant protein could not be glycosylated, appreciable enzymatic activity was observed from 30 to 50 ∞C and the maximal enzymatic activity was at 40 ∞C (Fig. 1A) . The optimum pH was measured at pH 7.5 (Fig. 1B) . The optimum temperature and pH values are similar to those of Chlases from other species of plants such as sugar beat (40 ∞C, pH 7.1) (Bacon and Holden, 1970) , Citrus limon (pH 7.8) (Fernandez-Lopez et al., 1992) , Capsicum annuum L. fruits (50 ∞C, pH 8.5) (Hornero-Mé ndez and Mínguez-Mosquera, 2001), greened rye seedlings (30 ∞C, pH 7.0Ð8.5) (Tanaka et al., 1982) , Citrus unshiu (pH 7.0) (Shimokawa, 1981) , Citrus sinensis L. (45 ∞C, pH 7.5) (Trebitsh et al., 1993) , Chenopodium album (pH 7.0) (Tsuchiya et al., 1997), olive fruits (50 ∞C, pH 8.5) (Mínguez-Mosquera et al., 1994) and parsley (pH 6Ð8) (Klein and Vishniac, 1961) ; and algae such as Phaeodactylum tricornutum [31 ∞C and 35 ∞C (Gaffer et al., 1999 ), pH 8.0 (Khalyfa et al., 1995 ], Chlorrella vulgaris (pH 7.2Ð7.3) (Böger, 1965) and Chlorella protothecoides (45 ∞C, The buffer systems were citrate-NaOH (᭹), MES-NaOH (), MOPSNaOH (᭡), EPPS-NaOH (X), TAPS-NaOH (᭢), CHES-NaOH (᭜), and CAPS-NaOH (O). pH 6.0Ð8.5) (Tamai et al., 1979) , indicating similar characteristic of Chlases in algae, gymnosperm and angiosperms. The optimum condition for GbCLH suggests that the environment where the enzyme works is neutral or weakly basic, such as in cytoplasm and chloroplast. In contrast, acidic optimum pH values have been reported for Chlase from tea leaves [30Ð35 ∞C, pH 5.8 (Ogura, 1972) and pH 5.5 (Kuroki et al., 1981) ].
Substrate specificity of GbCLH
Substrate specificity was studied for Chl a and b, Pheo a and b, and BChl a. The parameters (Table I) were similar to those reported previously, for example, K m values for Chl a are 7 µm (Ogura, 1972) and 10 µm (Kuroki et al., 1981) in tea leaves, 12 µm in greened rye seedlings (Tanaka et al., 1982) , 10.7 µm in C. annuum L. fruits (Hornero-Mé ndez and Mínguez-Mosquera, 2001), 16.1 µm in olive fruits (Mínguez-Mosquera et al., 1994) , 13 µm in C. limon leaves grown under normal nutritional status (Fernandez-Lopez et al., 1992) , and 7.13 µm in de-greening canola seeds (Johnson-Flanagan and McLachlan, 1990 ). Lower K m values for Chl The K m values indicated that GbCLH has the highest affinity for Pheo b, although its V max is much lower than those of Chl a and Pheo a. Substrate inhibition was observed when the Pheo b concentration was more than 20 µm due to the high affinity and low transformation rate. Substrate inhibition by Pheo b has also been reported for Chlase from C. annuum L. (Hornero-Mé ndez and Mínguez-Mosquera, 2001). Affinity for Chl a, Chl b and Pheo a is on the same level, V max for Pheo a is the highest while V max for Chl b is less than half of Chl a and Pheo a. These results indicate a faster transformation of Pheo a and Chl a to pheophorbide a and Chlide a, respectively, by GbCLH. The substrate specificity is similar to that of Chlase from olive fruits except for its higher affinity to Chl b than GbCLH (Mínguez- Mosquera et al., 1994) . Partially purified Chlases from C. album have a similar affinity for Chl a and Chl b (Tsuchiya et al., 1997) . However this tendency conflicts with other reports. For example, Chlase from C. annuum L. shows the greatest affinity for Pheo a, and the fastest transformation for Chl a (Hornero-Mé ndez and Mínguez-Mosquera, 2001 ). Chlase in de-greening canola seeds shows fast transformation for Pheo a and b (Johnson-Flanagan and McLachlan, 1990) . (Tsuchiya et al., 1999) Chlase1 (AAF59834) is from Citrus sinensis cv. Valencia (Jacob-Wilk et al., 1999) . CaCLH (AFF27045) is from C. album (Tsuchiya et al., 1999) . The amino acid sequence fused with sGFP is underlined.
Subcellular localization of GbCLH
There are a number of reports in the literature that indicate the existence of different isozymes of Chlase with different subcellular localizations and potentially different functions. It is reported that several isozymes of Chlase are located within plastids (Garcia and Galindo, 1991) , especially within the plastid envelope (Matile et al., 1997) , but it is not clear that all isozymes are located within the plastids and it has been proposed that Chlase is transported via the ER system (Terpsta, 1981; Terpsta et al., 1986) or exists in vacuoles (Taka- tative transit peptides at their N-termini. For example, AtCLH2 has a putative transit peptide to chloroplast and CaCLH has a transit peptide to ER (Takamiya et al., 2000) . Since proline 46 is well conserved among Chlases, and a transit peptide may be involved in front of this position, the 40 Nterminus amino acids in GbCLH were fused with sGFP (Fig. 2) . The results of the fluorescence imaging are shown in Fig. 3 . Only green fluorescence from GFP was detected in Figs. 3A and C, while green fluorescence from GFP and red fluorescence from Chls were merged in Figs. 3B and D, the yellow color in Fig. 3D indicates that the green fluorescence of GFP and red fluorescence from Chls are emitted from the same places. It was clearly revealed that GbCLH 1Ð40 :sGFP is localized within the chloroplasts (Figs. 3C, D) while the control sGFP is localized within the cytoplasm (Figs. 3A, B) .
To confirm this result, subcellular fractionation of Chlase activity from G. biloba was conducted. Fig. 4 shows the result of subcellular fractionation of the Chlase activity. The highest Chlase activity was detected in the fractions where Chls were present (Fig. 4A , fraction nos. 11Ð14), indicating that Chlase is located within the chloroplast thylakoid membranes. In our previous study, Southern analysis revealed that GbCLH is encoded by a single gene (Tang et al., 2004) . But, additionally, there was another peak in those fractions of less density than that of the mitochondrion (Fig. 4B, fraction  nos. 20Ð25 ). This may be the Chlase in the intact chloroplast or other isozymes that are localized in a different compartment such as ER or vacuole. Further studies are required to prove the existence of isozymes.
These results lead us to conclude that GbCLH is localized within chloroplast. Our previous report indicated that the expression of GbCLH and Chlase activity were high in green leaves and low in yellowing leaves (Tang et al., 2004) . That together with these results suggests that GbCLH is involved in the turnover of Chls in green leaves in G. biloba.
